A continuous culture system suitable for maintaining certain rumen protozoa was developed by modifying the procedure of Weller and Pilgrim (R. A. Weller and A. F. Pilgrim, Br. J. Nutr. 32:341-351, 1974) to include a dialyzing system. The concentration of ciliate protozoa, the pH value, and concentrations of volatile fatty acid and ammonia-N could be maintained within normal rumen limits for more than 15 days by appropriate choice of mechanical agitation and of the amount of substrate and physical form of the substrate bags. The average concentration of protozoa in the free fluid around the substrate was about 10% that in the fluid squeezed from solid digesta residues. More than 106 protozoa per ml were present in the fresh substrates only 2 h after supplying the substrate. These facts suggest that sequestration of the protozoa among particulate digesta is an important factor in maintaining the concentration of protozoa.
Several devices for continuous in vitro culture of rumen microbial populations have been described previously (1) (2) (3) (5) (6) (7) . These techniques appear to be useful for analysis of the rumen ecosystem, especially for studying the conditions for maintaining a steady state in microbial populations.
In continuous culture techniques analogous to those that primarily have been developed with pure cultures, the concentrations of metabolic products such as volatile fatty acid (VFA) and ammonia-N, and in some cases the concentration of the bacterial population, have been kept similar to those of the natural rumen for extended periods of time. However, success in maintaining the protozoal population has been very limited. The maintenance of protozoa, in numbers comparable to those of the rumen, may be the most reliable means of ascertaining whether the fermentation is kept normal, since it has been suggested that protozoa provide a sensitive indicator of rumen function. Itabashi and Kurihara (3) maintained the protozoal population, consisting mainly of entodinia, at a level of 105 per ml for over 3 weeks, using a continuous culture technique similar to that of Slyter et al. (6) , and they suggested that some substances originating from the host may be necessary for the growth and maintenance of the protozoal population.
Aafjes and Nijhof (1) demonstrated an artificial rumen comparable to that of a living animal by vertically agitating bags of nylon gauze filled with hay in a glass vessel covered with a plastic lid. Recently, Weller and Pilgrim (7) reported that an artificial rumen requires physical conditions under which sequestration of particulate digesta is allowed, ensuring a protozoa removal rate less than that of fluid turnover, and they proposed a continuous culture technique similar to that of Aafjes and Nijhof (1) .
In this paper we describe and evaluate a continuous in vitro fermentation system developed from those used by Aafjes and Nijhof (1) and by Weller and Pilgrim (7) and present data that demonstrate some of the factors involved in maintaining a protozoal population in a steady state.
MATERIALS AND METHODS Apparatus. A schematic diagram ofthe continuous fermentation apparatus is shown in Fig. 1 into the fermentation chamber through a hole (h3) in the lid at a rate of 2.3 liters per day, and excess fluid was allowed to overflow through the opening (h4) in the fermentation chamber. The fermentation chamber was kept anaerobic by a constant flow (two to three bubbles per second), through a hole in the lid (hs), of gas containing 95% nitrogen and 5% carbon dioxide. The fermentation vessels were immersed in a water bath (w) at 39°C.
Operation of apparatus. The substrate was a mixture of 3 parts crushed alfalfa hay cubes, 2 parts crushed barley, and 1 part uncrushed alfalfa hay pellets. The alfalfa fragments varied in size from powdery particles to strips up to 40 mm long. Initially, 3.4 liters of buffer solution warmed to 39°C was poured into the fermentation and dialyzing chambers. A nylon bag containing about 500 ml of rumen contents from sheep was introduced into the fermentation chamber. The main genera in this inoculum were Entodinium (5 x lOr to 5 x 106 per ml) and Eudiplodinium (about 104 per ml). Another nylon bag, packed with substrate, was placed above the bag containing the inoculum, and the apparatus was set in motion. After running for 24 h, the inoculum bag was removed, the substrate bag was moved down, and a bag of fresh substrate was inserted above it. Thereafter, this procedure was repeated every 24 h. The upper bag of fresh substrate and the lower bag containing digesta residues were designated "new bag" and "old bag," respectively. The fermentation was continued for about 2 to 3 weeks by the daily addition of a new bag and removal of the old bag.
Examination of the samples. Each time an old bag was removed it was squeezed gently until 20 ml of liquid was obtained for experimental purposes. The bag and the small amounts of liquid still contained in it were then discarded. The pH and the concentrations of protozoa, VFA, and ammonia-N were then measured in the fluid squeezed from the bags and in the effluent from the fermentation chamber. Protozoa were fixed in formalized saline and counted in a 0.2-mm deep Fuchs-Rosenthal counting chamber. The concentration of VFA was determined by gas chromatography using a hydrogen flame ionization detector (Hitachi Electric Co. Ltd.) according to the method of Packett and McCune (4). Ammonia-N was determined on samples previously stored in a freezer at -20°C, by a microdiffusion method. The pH value was determined with an electrode pH meter (TOA Electronic Co. Ltd.) immediately after sampling.
Operating conditions. Cultures were carried out under six separate sets of additions, as shown in Table  1 . Experiments 1 through 4 were performed to determine the effects of bag shape and size, the number of bags, and the amount of substrate needed for the maintenance of protozoa concentrations. Experiments 4 through 6 were planned to examine the effects of varying intensities of mechanical agitation. The concentration of protozoa decreased sharply with time from 1.2 x 106 to 6.3 x 104 per ml in the new bags, and from 3.8 x 105 to 1.8 x 104 per ml in the old bags. In every case protozoa concentrations in effluents were much lower than those in the corresponding fluids from the bags. These results indicate that the physical form of the substrate bag may be an important factor in the maintenance of protozoal populations.
RESULTS
.10 In experiment 4, three cylindrical bags shaped by wire formers 32 mm in diameter and 100 mm in height were used to contain the daily substrate. Each bag was filled with 24 g of substrate so that the total amount supplied each day remained at 72 g. In all three fluids examined, day-to-day variation in protozoa concentration was reduced (Fig. 4) . Concentrations ranged from 2.8 The pH values and the VFA and ammonia-N concentrations also remained steady throughout the experimental period. The pH within the bags remained at a level above 6.0, comparable with those from in vivo measurements. The concentration of VFA in the bags was about 10 mmol/100 ml, similar to that found in vivo. Ammonia-N varied from 18.2 to 27.1 mg/100 ml in the old bags, and from 16.3 to 20.8 mg/100 ml in the new bags, again similar to the range of values measured in vivo.
Experiment 5. The effects of the rate of mechanical agitation on day-to-day variations in pH and concentrations of protozoa, VFA, and ammonia-N were investigated in experiment 5. In this experiment, the rate of plunger movement was increased to 12 strokes per min. Other conditions were the same as in experiment 4. Concentrations of protozoa decreased gradually in all three fluids as the trial proceeded, and the levels at day 10 were considerably lower than those in experiment 4, especially in those in the effluent that fell to 6.8 x 103 per ml, approximately half that in experiment 4 6 after supplying the initial new substrate. At each time, the normal daily procedure was followed and fresh substrate was supplied. Other conditions were the same as in experiment 4 . pH values and concentrations of protozoa, VFA, and ammonia-N were determined in fluids from the bags and effluent (Fig.  5) . At the same time, the diurnal variations in the concentration of dividing protozoa in fluids from within the bags were determined (Fig. 6) . It should be noted that more than 104 per ml of protozoa were present in the fluid from the fresh substrates after only 2 h, suggesting that protozoa had migrated from the digesta in the old bag and the "free" fluid outside the bags, into the fresh substrates, aided by appropriate mechanical agitation. In the old bags, protozoa were maintained at a level of about 5 x 104 per ml duxing this period. Thus, protozoa concei tions in both bags became almost equal at The concentration of protozoa in the effl was 104 per ml at 2 h but steadily increasE nearly 105 per ml at 24 h. The initial dro number may reflect migration to the fresh strate. In the new bags the pH fell from 6 5.5 at 12 h, and then increased slightly to and the maximum concentration of VFA curred at 12 h. Thus, the shape of the diu curve for VFA contrasted with that of the indicating that microbial decomposition most active at 12 h. In the old bags, the fir which had been subjected to fermentation fi h, the The intensity of mechanical agitation is also important for the maintenance of a steady state. A frequency of 8 strokes/min with a strike length of 80 mm gave the best results in these experiments, suggesting that agitation should be suf-°f icient to remove metabolic products from the bags without detriment to the fermentation or -t the protozoal population.
Studies of the distribution of protozoa within tiding the fermentation chamber under the conditions of experiment 4 ( Fig. 4) showed that average concentrations in the free fluid outside the bags ntrawere about 10% of those in the fluids squeezed 24 h. from the residues in the bags. Weller and Pilgrim luent (7) reported that the passage of protozoa to the ed to omasum was only 6 (Fig. 5) , clearly indicating the sequestration of protozoa among the food solids. Protozoa in free fluid around the bags and in the digesta residues in the old bags apparently migrated to the fresh substrates in the new bags. The excess number formed by division in the new bags, most numerous at 12 h, may be released into the free fluid, with some of them being removed in the effluent according to the rate of fluid turnover. Similarly, metabolic products such as VFA and ammonia-N were removed from the system partly in the effluent and partly in the dialysate. Whereas the physical form of the substrate bag appears to affect in vitro fermentation, it is still unclear why this factor is important. One hypothesis is that the shape and number of bags affect the efficiency of metabolite removal. Another hypothesis can be offered, however. Experiments 1 and 2 show that the quantity of substrate supplied affects fermentation. Since there is no difference between the size and shape of the substrate bag in these two experiments, we can say that the difference in the degree of compaction of the substrate within the bag may be responsible for the difference in the results of the two experiments. The degree of compaction of the substrate within the bag also varied among experiments 2, 3, and 4 because bag size changed while substrate quantity remained fixed, so our results may be attributable to compaction variations rather than to the factors specifically examined. In subsequent research we hope to isolate the effects of compaction from 
